We present a method for predicting folding rates of proteins from their amino acid sequences only, or rather, from their chain lengths and their helicity predicted from their sequences. The method achieves 82% correlation with experiment over all 64 ''two-state'' and ''multistate'' proteins (including two artificial peptides) studied up to now.
We present a method for predicting folding rates of proteins from their amino acid sequences only, or rather, from their chain lengths and their helicity predicted from their sequences. The method achieves 82% correlation with experiment over all 64 ''two-state'' and ''multistate'' proteins (including two artificial peptides) studied up to now. P roteins have very different rates of folding. Some of them fold within microseconds (1) , some need an hour to fold (2) . Small proteins usually (but far from always) fold faster than the larger ones (3) . The correlation between folding rates and protein sizes is not as large, however: 64% (being stronger for ''multistate'' proteins that have folding intermediates when folded in water, and weaker for ''two-state'' proteins that do not have such intermediates) (4) .
The folding rate of proteins is predicted more accurately when a ''contact order'' of the 3D structure is taken into account (5, 6) in addition to the chain length: now the correlation achieves 74% for the totality of proteins (6) .
It has been noticed that a high helical content is the main structural feature that decreases the contact order and accelerates folding of two-state proteins (7), and, for this group of proteins, a folding rate prediction method based on the content of secondary structure in their 3D structures has been suggested recently (8) .
[However, examining a whole set of proteins studied up to now, we saw that the reported equation, which works well for the two-state proteins (8) , is much worse at predicting folding rates of multistate proteins and short peptides.]
The empirical dependence of folding rate on some features of amino acid sequences has been reported also for some small groups of two-state proteins (9, 10) , but no method to predict folding rates from sequences for the totality of proteins has been suggested so far.
The present work shows that folding rates for proteins of all kinds (as well as for short peptides) are well estimated from secondary structure predictions based on the amino acid sequences and the lengths of these sequences. This estimate has a clear physical sense, and it achieves 82% correlation with experiment over all 62 two-state and multistate proteins and 2 peptides studied up to now [i.e., it works even better than estimates based on whole 3D structures (5, 6)]. As a result, we can suggest a general method that predicts the rate of in-water protein folding directly from its primary structure and does not need any information on its 3D fold. 
Materials and Methods

Results and Discussion
Both analytical theory (20, 21) and off-lattice computer simulations (22) of folding suggest that the logarithm of folding rate (k f ) decreases in proportion to some power of the protein chain length [although the value of this power for in-water folding of proteins is still determined rather crudely: from two-thirds to one-half (see refs. 6 and 20-22), and maybe even below that (23) ].
Theoretically, the protein chain length is determined as a number of the chain links (''folding units'') (20, 21) , which is usually (4, 6, (20) (21) (22) (23) calculated as the number L of the chain residues. However, if the folding chain contains some preformed blocks (or the blocks, which are rapidly and independently formed on the other chain during the folding), the effective length of the folding chain (L eff ) should be smaller than the number of residues L in proportion to the total number of residues involved in these blocks.
Because ␣-helices are natural candidates to the role of the internally stable and͞or rapidly and independently folding blocks, the effective length of the folding chain can be taken in a form
where L H is the number of residues in helical conformation, N H is the number of helices, and l 1 means that we consider the whole block (a helix) as l 1 chain residues [from a physical point of view, l 1 should not exceed a length of one turn of ␣-helix (4 residues); the l 1 value should be optimized from comparison with experiment]. Now, according to refs. 6 and 20-23, we can consider the following dependence of the folding rate on the effective chain length:
where the value of power P is to be fitted from comparison with experimental data. It is noteworthy that the case P ϭ 0 corresponds to correlation of log(k f ) with log( The value of L is directly obtained from the protein sequence, whereas the values of L H and N H can be estimated from the same sequence, using some good program of secondary structure prediction, e.g., the most effective program PSIPRED (18) , based on local sequence similarity, or a physics-based program ALB (19) . Besides (as a control test) we can compute L H and N H from known 3D protein structures by using DSSP (17) .
Having L, L H , and N H , we can estimate the value of log(k f ) by using Eqs. 1 and 2. In each case, we varied the P and l 1 values so as to maximize the correlation between log(k f ) and Ϫ(L eff ) P . Fig. 1 presents the results for the case when the secondary structure prediction is done by PSIPRED. One can see that the correlation between log(k f ) and Ϫ(L eff ) P exceeds 80% and is nearly the same (within small statistical errors) for all P values below 0.7 (cf. ref. 23 ). The maximal correlation, 82 Ϯ 4%, is formally achieved at P ϭ 0.1, and l 1 ϭ 3, but, actually, all of the region P ϭ 0.0-0.5 and l 1 ϭ 1-4 is equally good. The latter shows that, actually, only the helical content is important.
Nearly the same results are obtained when the secondary structure is predicted from sequence by ALB (then the correlation achieves 78 Ϯ 5%) or extracted from 3D structures by DSSP (then the correlation achieves 81 Ϯ 4%). Thus, the folding rate prediction obtained from the amino acid sequence alone (with the help of a secondary structure prediction done by PSIPRED) is at least not worse than the predictions done from known 3D structures.
It should be noted that, although the obtained dependence works a little better for the totality of proteins than for their subgroups taken separately, it is not as sensitive to the set of proteins used. If we exclude two short artificial peptides (which are represented as two triangles in the left of Fig. 1 , and are not true proteins, having no tertiary structure), the maximal correlation between log(k f ) and Ϫ(L eff ) P for the remaining proteins is as high as 78 Ϯ 5%. If, in addition, we exclude tryptophan synthase ␤2-subunit [which is represented as the rightmost square in Fig. 1 , and, unlike the other protein used in this study, is not a true single-domain protein, according to the Structural Classification of Proteins (ref. 25 , http:͞͞scop.mrc-lmb.cam. ac.uk͞scop)], the correlation between log(k f ) and Ϫ(L eff ) P decreases by only an additional 2-3%. If we consider only the two-state proteins, the maximal correlation between log(k f ) and Ϫ(L eff ) P is 74 Ϯ 8%; and for only the multistate proteins it is 77 Ϯ 10%.
Some remarks in conclusion: (i) We did not manage to improve the predictions by consideration of ␤-structure, maybe because ␣ and ␤ contents are strongly anticorrelated (at the level of 87%), and because there is, as yet, no method to predict internally stable and therefore rapidly folding (cf. ref. 26) ␤-hairpins.
(ii) The suggested theory is simple, but inevitably approximate, because it does not take into account those sequence mutations that do not change the secondary structure but can sometimes change the folding rate by two orders of magnitude (27) . Also, the theory does not take into account a solventinduced change in protein stability, which can change the folding rate manifolds (21, 27, 28) . Therefore, it is only natural that this theory, which predicts the in-water folding rates, makes this prediction with a precision of plus or minus an order of magnitude (cf . Fig. 1) ; however, this is a relatively small error on the background of the 10 orders of magnitude difference in observed protein folding rates.
(iii) ␣-Helices may lead to effective shortening of the folding protein chain either because some preformed helices already exist in the unfolded state of the chain [which, indeed, may be the case for in-water conditions (26)], or because the helices are rapidly formed in the course of folding. Therefore, we would like to avoid any speculations on hierarchic or nonhierarchic mechanism of protein folding that may arise from the presented results.
(iv) The presented theory reveals a high (Ϸ80%) correlation between the folding rate and the number (L eff ) of nonhelical residues in the protein chain. However, the correlation between the folding rate and the content (ϭ L eff ͞L) of nonhelical residues in the protein chain is poor: only Ϸ25% (results are not shown). This poor correlation shows that the main determinant of the protein folding rate is the number of degrees of freedom that are to be fixed during the rate-limiting step of folding (cf. refs. 3, 4, 6, and 21-24). Fig. 1 . Correlation between the logarithm of protein folding rate in water and the value (L Ϫ L H ϩ 3ϫNH) P at P ϭ 0.1 [the number of helical residues (LH) and number of helices (N H) are predicted for each protein from its sequence by using PSIPRED; L is the total number of chain residues]. F, Two-state proteins; ᮀ, multistate proteins; ‚, short artificial peptides (␣-helix and ␤-hairpin) without tertiary structure. The straight heavy line represents the best linear fit, log(k f, sec Ϫ1 ) ϭ 10.
Standard deviation between predicted and observed log(k f) is Ϯ 1.07. From a practical point of view, the following equations, which have essentially equal predictive power, may be suggested to estimate the folding rate: 
